We have developed an atmospheric pressure plasma apparatus of remote dielectric barrier discharge (RDBD) applicable for a large area. We have systematically studied the characteristics of medium frequency (MF, 40 kHz) and radio frequency (RF, 13.56 MHz) discharge using an optical emission spectroscope. Nitrogen (N2) and argon (Ar) gases were used in the MF and RF discharge excitation, respectively, in a mixture with clean dry air (CDA). The peak of oxygen radical (O * 2 ) appears at 259.3 nm when the RDBD is employed. Furthermore, intensive peaks are observed at gas ratios of N2:CDA=100:1 in MF excitation and at gas ratios of Ar:CDA=70:0.5 in RF discharge excitation. On the other hand, the contact angle shows about 5
Introduction
Atmospheric pressure plasma has attracted considerable attention due to the potential applications for pretreatments of plastic painting, semiconductor packaging, liquid crystal display (LCD) wet cleaning, in green-and bio-technology [1] [2] [3] . The electrode structure of the atmospheric pressure plasma, such as a remote dielectric barrier discharge (DBD), a direct DBD, and an arc jet [4] , varies depending on the application. In the remote DBD, plasma is generated inside the electrode and released outside through a ground electrode, which is applicable for samples sensitive to electric shock. In particular, the remote DBD is a preferable tool for the large area treatment of surface of sensitive substances in semiconductor and display processes.
To date, many studies of atmospheric pressure plasma have been intensively focused on surface treatment using the electrode and surface coating [5, 6] . Cho et al. reported the effect of the surface treatment employed for vascular grafts [7] . Ma et al. claimed the fabrication of fluorocarbon thin films using a new type of electrode [8] . Lu et al. showed the formation of glow discharge using a brush type electrode for applications of large area surface treatment [9] and have examined the discharge properties by an optical emission spectroscopy (OES) analysis. Moreover, they attempted to remove bacteria and germs using atmospheric pressure plasma of arc jet type or dis- * corresponding author; e-mail: djkim86@naver.com charge formed by a needle [10] [11] [12] . Kim et al. proposed the surface treatment of indium tin oxide (ITO) glasses by means of a plasma jet array [13] .
However, the majority of reports have been concentrated on revealing the properties and applications of plasma assisted thin films without studying the properties of the electrode [14, 15] . In this study, we systematically investigate the properties of discharge as a function of the applied power and the surface properties of polyethylene terephthalate (PET) films used for touch panel electrodes. Radio frequency of 13.56 MHz and medium frequency of 40 kHz were employed to generate the discharge with argon (Ar), nitrogen (N 2 ), and compressed air. The discharge properties are explored by OES analysis and the volume of ozone generated as a result of the discharge. An atomic force microscopy (AFM) and X-ray photoemission spectroscopy (XPS) are used to examine the changes of the properties of the PET films after surface treatment.
Experimental
The electrode with the size of 500 × 50 mm 2 for the remote DBD was prepared. Figure 1 shows the structure of the electrode used in this study. The alumina (Al 2 O 3 ) was used as the electrode material. Aluminum was used for the case of electrodes with the holes for the discharge gas emission. The bottom plate is grounded for the charged particles not to escape outside, preventing electrical damage of the sample surface by the charged particles.
(707) Mass flow controllers (MFCs) were employed to control the ratio of the gases. The feeding speed of samples was kept constant at 60 mm/min. Discharge characteristics are analyzed using a SM240-spectrometer (Spectral Products Ltd.) which can measure between 200 nm and 1050 nm. PET films used for touch panels are analyzed by AFM and XPS after the atmospheric pressure plasma treatment.
Results and discussion

OES analysis for RF and MF excitation power
Ar was supplied as the discharge gas because voltage for RF is relatively low. The voltage range between 500 and 600 V is applied for RF power in this study. A high applied voltage of 10 kV in MF power leads to the preferable use of N 2 gas [16] .
It is known that band at 259.3 nm is originated from O * 2 radical [17] . For the purpose of cleaning using atmospheric pressure plasma, 259.3 nm of O * 2 radical is more effective than 321.0 nm due to a better reaction effect. Figure 2a shows the discharge properties of O * 2 and O + 2 in MF power.
As shown in Fig. 2b , the intensive peaks are observed at the Ar:CDA ratios of 50:0.3, 70:0.5, and 100:0.7 at the RF power of 250 W. Although the amount of CDA changes with respect to Ar gas at different process conditions, the best discharge is obtained at the ratio of 100:0.7. In particular, the highest peak from the 70:0.5 ratio indicates that the optimum Ar gas amount exists, depending on the electrode property. Figure 2c shows the results of spectral analysis using MF power with the mixture of N 2 and CDA gases. It is clear that the O * 2 peak at 259.3 nm changes with respect to the amount of supplied CDA and O the CDA amount of 2 lpm. Figure 2c shows that peak intensity at 259.3 nm becomes strongest with N 2 of 200 lpm and CDA of 2 lpm. Figure 3 illustrates the XPS analysis results showing the C1s changes in the PET films before (Fig. 3a) and after the plasma treatments ( Fig. 3b and c) which is relevant for the contact angle and the adhesion. Al K α X-ray source was employed in the analysis [18] . Figure 3b shows that plasma treatment by RF power enhances C=O bond peak at 288.3 eV and reduces C-O peak at 286.1 eV. It is evident that the number of C=O bonds in RF treated PET is much larger than in MF treated sample, shown in Fig. 3c . Moreover, treatment using RF clearly improves the O=C bond at 531.4 eV compared to O-C at 533.0 eV. This experimental result can be explained by the postulation that weak O-C bonds in O-C=O structures are broken by the plasma treatment, leaving exclusively C=O bonds. -C=O-in PET belongs to a carbonyl group, soluble in water, resulting in low water contact angles. The larger number of C=O bonds in RF treated PET is explained by the larger ionization rate of gases due to RF and a better reaction with PET surface due to stronger O 2 dissociation of CDA. Table I summarizes phase and morphology changes of PET surfaces before and after the discharge treatment.
Surface characterization of PET samples
After the treatment surface morphology significantly changes. Specifically, R a of PET surface increases after RF treatment due to more intensive reaction with O * 2 radical. As indicated in Table I , R pv value of RF treated PET surface is found to be 56.56 nm which is much higher than that of MF treated PET (53.43 nm). Also R a values of RF treated surface are 6.78 nm. This is presumably due to more intensive reaction due to higher ionization in RF. The RF treatment leads to the large amount of O * 2 radical favorable for better surface reaction, resulting in roughness of the PET surface. This is in good agreement with the XPS results showing a larger amount of C=O with binding energy changes. Figure 4 displays the contact angels measured at each gas mixture concentration, which exactly correspond to the results of OES analysis. Figure 4a shows that water contact angle in RF treated PET is less than 5
• at 70 lpm of Ar and 0.5 lpm of CDA while it is 10
• at 0.3 and 0.7 lpm of CDA, suggesting that the reaction with the PET becomes more active and the contact angle decreases as the peak intensity of O * 2 radical increases as observed in OES analysis. Furthermore, Fig. 4b shows that the contact angle in MF-treated PET is 7
• when the ratio of N 2 and CDA is 100 lpm and 1 lpm, respectively, while the lowest contact angle is 5
• at N 2 :CDA ratio of 200:2. 
Conclusions
In this study, we have fabricate the large size electrode of 500 × 50 mm 2 and have characterized PET surfaces with respect to corresponding power and gas employed.
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1. The discharge at RF and MF excitation has the different optimum ratio of the gas mixture according to the peak of 259.3 nm (O * 2 ) in OES analysis. The RF excitation shows the best discharge effect at Ar:CDA ratio of 70:0.5 while MF excitation does at N 2 :CDA ratio of 100:1.
2. XPS analysis reveals that the RF treated PET has a larger amount of C=O bonds of 288.3 eV and O=C binding of 531.4 eV.
3. The higher ionization rate of RF discharge results in higher surface roughness (R a = 6.78 nm) of the PET surface after plasma treatment.
4. After the plasma treatment, the contact angles of PET are found to be 5
• , which is a confirmation of a very good cleaning effect.
